Magnesian calcites were precipitated from 10 mM Ca(HCO3)2 (Ca 2+, 400 mg/1) solutions contain ing 35 or 53.5 mM Mg ions (Mg2+, 850 or 1300 mg/1) in the presence of fluoride and phosphate ions in various concentrations. Magnesian calcite formation from aqueous solution was favored by the presence of fluoride ions (0.5 to 2.5 mM) or phosphate ions (0.025 to 0.5 mM) in a parent solution. Aragonite and/or monohydrocalcite are formed below or above the critical concentrations of these ions. The presence of phosphate or fluoride ions in a solution inhibits adsorption of Mg2+ ions on calcite surface, which may cause the magnesian calcite formation.
Kitano and coworkers and the several authors have studied the polymorphic crystalliza tion of calcium carbonate in the presence of various cations and anions: Presence of Mg" and other divalent cations with smaller ionic radius than that of calcium in solution favor aragonite formation, whereas these metal car bonates are calcitic in crystal structure and easily incorporated into calcite as solid-solution (Kitano, 1962; Kitano and Hood, 1962; Kitano et al., 1969; Berner, 1975; Oomori and Kitano, 1985; . On the other hand, presence of divalent cations with larger ionic radius than that of calcium in solution favors calcite formation, whereas those metal car bonates are aragonitic in structure and easily in corporated into aragonite (Kitano et al., 1971) . Similarly, anions such as F-, phosphate, Cl-, dissolved silica and borate ions in solution favor calcite formation, and these ions are easily incor porated into aragonite (Kitano and Okumura, 1973; Kitano et al., 1975 Kitano et al., , 1978 Kitano et al., , 1979b 1979c Calcium carbonate was synthesized in the following procedures as described by Kitano (1962) : Ca(HCO3)2 solution was prepared by bub bling CO2 gas (pco2=1 atm) into a suspension of reagent grade CaCO3 (Kanto Chem. Co.), and then by filtering through Toyo filter paper (no. 5c). This Ca(HCO3)2 solution contains about 10 mM of Ca2+ ions. Parent solutions were prepared by adding MgC12 solution and KF solu tion, KH2PO4 solution or ATP solution (adenosine triphosphate disodium salt trihydrate) into the Ca(HCO3)2 solution before precipitation started.
The 1000 ml of the parent solutions dissolv ing 35 or 53.5 mM Mg2+ and F (0 to 4 mM), phosphate (0 to 1.5 mM) or ATP (0 to 0.37 mM) were taken in glass vessels and maintained at 25°C with occational stirring for about 5 weeks . With the lapse of time, carbon dioxide gas escaped to the air and calcium carbonate was formed from the solutions. It took a couple of days to make calcium carbonate begin to precipitate. Phosphate and fluoride ions were coprecipitated with calcium carbonate during the course of precipitation. After several weeks, more than 70% of dissolved calcium were precipitated. The precipitates were filtered off through Millipore filter (0.45 ,um) and washed with distilled water.
The initial and final concentrations of Mg2+ and Ca 2+ ions in a parent solution were deter mined by EDTA titration. The calcium ion con centration varies from about 350 to 50 mg/l dur ing the course of experiments. Phosphate-P in the parent solutions and carbonate precipitates were determined by colorimetry (Murphy and Riley, 1962 The experimental results are shown in Fig. 1 . It is seen that fluoride ion concentration in the parent Ca(HCO3)2 solution containing Mg2+ ions (1300 mg/1) shows a large effect on the mineral composition and the Mg content of car bonate precipitates. Pure aragonite (arag.) was precipitated at rather low fluoride ion concentra tion (0 to 0.1 mM), and magnesian calcite (Mg-C) was coprecipitated with a small amount of aragonite at 0.5 to 2.5 mM of fluoride ion concentration.
Above 3 mM (57 mg/1) of fluoride ions, monohydrocalcite (MHC) was precipitated. With the increase in fluoride ion concentration in solution, X-ray diffraction angle of (104) spacing of calcite type carbonate in the precipitate varied from 20(CuKa) = 29.5 to 29.711 continuously. The Mg/Ca molar ratio in the carbonate precipitate increased up to 0.1 with increasing fluoride ion concentration in the parent solution up to 2 mM. This fact suggests that magnesium carbonate is incorporated as a solid solution into the calcitic calcium carbonate and the presence of fluoride ions in the parent solution enhances the incorporation of magnesium into calcium carbonate lattice as dis cussed by Ohde and Kitano (1980) , whereas magnesium is not incorporated into monohydro calcite.
The experimental results show that magne sian calcite is successfully synthesized from calcium bicarbonate solutions with Mg" ion con centration of around 53.5 mM (1300 mg/1) and F ion concentration of 0.5 to 2.5 mM (about 9.5 to 48 mg / 1), the F / Mg" molar ratio rang ing from 0.0093 to 0.047. Monohydrocalcite (CaCO3 . H2O) appeared in 500 to 800 pM of phosphate in a solution. The magnesium and phosphorous contents of Mg calcite are 2-3 wt% and 0.13-3.8 wt%, respec tively. And those values of monohydrocalcite are 0.9-2.6 wt% and 0.7-2.8 wt%, respectively. Above this concentration of phosphate in a parent solution, the relative amount of calcium carbonate precipitates decreased and the amount of calcium phosphate increased. At 1100,uM of phosphate in a parent solution, X-ray diffraction patterns of the precipitates show no characteristic peaks. The amorphous precipitate is mainly composed of calcium carbonate con taining 2.9 wt% of P. Mg/Ca molar ratio of the amorphous precipitate was around 0.5.
The experimental results at 53.5 mM (1300 Mg/1) of Mg2+ in the parent solution are shown in Fig. 3 . Figure 3 shows the effect of phosphate ions in the parent solution on the mineral com position, the diffraction angle of (104) precipitated with the addition of phosphate ions from 20 to 500 pM to the parent solution, with a small amounts of aragonite or monohydro calcite. The diffraction angle (20) of (104) Phosphorous is one of the most important bio-elements, and a significant amount of phosphorus is contained in marine organisms. In blood or extrapallial fluids of marine organisms, 50 to 500pM of phosphorus are dissolved as both inorganic and organic forms (Simkiss, 1964) . It is not known whether or not organic phosphate ions favor the magnesian calcite for mation from solutions containing a large amount of Mg2+ ions. In order to verify whether organic phosphate also affects the polymorphic formation of calcium carbonate from aqueous solution, the effect of ATP (adenosine triphosphate disodium salt trihydrate) was examined.
ATP solution was added to give 0, 8, 25, 40, 100, 180 and 370,uM in the parent Ca(HCO3)2 solution containing 35 MM of Mg2+ ions. ATP is a poly-phosphate which has three P04-P func tional groups in the molecular structure. It is found that organic phosphate ions in a parent solution also have a very significant influence on the magnesian calcite formation and the Mg con tent of the precipitates as shown in Fig. 4 . Magnesian calcites containing around 6 mol% of magnesium in the lattice are formed in the presence of 8 to 180,uM of ATP in the parent solution. Above this concentration, monohydro calcite and/or amorphous carbonate (AMC) were formed.
The obtained results suggest that phosphate ions in a parent solution favor the Mg-bearing carbonate formation possibly in biological fluids and probably in interstitial waters of anerobic marine sediments, as well as the dissolved organic materials such as citrate, malete or pyruvate (Kitano and Hood, 1965; Kitano and Kanamori, 1966) . suspended carbonate surface. The amount of magnesium ions remaining in a solution after the addition of carbonate powder increases with the increase in the amount of added fluoride or phosphate ions in a solution. That is, the amount of magnesium ions adsorbed on calcite surface decreases with increasing phosphate or fluoride ion concentration in a solution, and finally it reduces to zero. It is clear that the presence of fluoride or posphate ions in a solu tion inhibits the adsorption of Mg" ions on calcite surface. The required concentration for phosphate ions (1 mM) to inhibit completely the Mg" ion adsorption is one-tenth of that of fluoride ions (10 mM). Barium ions (10 mM) and Ca" ions (100 mM or more) in a parent solution inhibit Mg" ion adsorption on the carbonate surface, and favor the calcitic carbonate forma tion even in the presence of Mg" ions. The se quence of the inhibition effect of ions on the Mg" ion adsorption is as follows: phos phate > Ba2+, F > Ca2+. This sequence is consistent with that of the power of ions forming calcitic carbonate from solution containing Mg" ions (53.5 mM): phosphate (0.05-0.5 mM) > citrate(0.2 mM, 1966) , Ba2+(0.25 mM, 1979a) , F-(0.5 2.5 mM) > alkalinity(10-50 mM, 1983 ) > Ca2+(50 mM, Tomiyama and Kitano, 1984 Several authors have mentioned the polymor phic crystallization of calcium carbonate. The first concept is based on the thermodynamical consideration (Berner, 1975) : Dissolved Mg" ions in solution, which favor aragonite precipita tion from the solution, have a strong retarding effect on the calcite growth, whereas they have no effect on the aragonite growth. This rate in hibition of Mg2+ ions is considered to be due to The second concept is based on the kinetic aspect (de Kanel and Morse, 1978; Reddy, 1977) : Phosphate ions and some other ions have large rate inhibiting effect on the calcium carbonate growth. This is explained as the foreign ions are adsorbed and cover the active site of the car bonate crystal surface. This would also affect the polymorphic formation of calcium carbonate, however the systematic study has not been car ried out yet.
The third concept is based on the abnormal incorporation of trace elements into early stages of calcium carbonate precipitation (Kitano et al., 1971; . This is explained as follows: the ions with smaller crystalline ionic radii have larger hydration ionic radii than calcium ions, which favor aragonitic calcium carbonate and easily incorporate into aragonite nucleic calcium carbonate at early stage of crystallization. 
Geochemical implication
The fluoride ion concentration in sea water ranges from 0.07 to 0.1 mM (1.3 to 1.9 mg/1) (Greenhalgh and Riley, 1961; Carpenter, 1969) . Hydrothermal waters and interstitial waters show relatively high concentrations of fluoride ions, though the concentrations do not exceed 0.2 mM generally. According to the present ex periments, magnesian calcite was formed at fair ly high fluoride ion concentrations relative to the concentration in sea water. Therefore, effect of fluoride ions may not be connected directly with the natural calcite formation.
On the other hand, the phosphate concentra tion of normal sea water is around 2,uM. A rela tively high phosphate ion concentration up to 500 ,uM was observed in interstitial waters of anerobic marine sediments (Scholkovitz, 1973 , Gardner, 1973 , Gieskes, 1983 . The present study suggests that magnesian calcite is possibly formed under such conditions of interstitial waters. Recently, Baker and Burns (1985) reported protodolomite formation in organic rich marine sediments. Sometimes magnesian calcite and dolomite are observed below the depth of the maximum phosphate ion concentration in in terstitial water (Gieskes, 1983) . Phosphate ions are expected to act an important role in the for mation of magnesian calcite and protodolomite in interstital waters. It was shown in laboratory synthetic studies that a high carbonate alkalinity solution favored the calcite type carbonate precipitation and the high Mg content of carbonate (Oomori et al., 1983; . Such a high carbonate alkalinity solution is observed in the interstitial waters of anerobic marine sediments where sulphate reduction occures. Phosphate ion concentration increases with increasing alkalinity and decreasing sulphate ion concentra tion through the decomposition of organic materials. It was reported that sulphate ions in a solution inhibit the growth of dolomite (Baker and Kastner, 1981) . Sulphate reduction in anaerobic marine sediments by bacterial activity gives rise to increases in carbonate alkalinity and the concentration of dissolved phosphate in cluding both inorganic and organic phosphate, and finally it may bring the formation of Mg bearing carbonate. CONCLUSIONS 1) Magnesian calcite was formed from the 10 mM Ca(HCO3)2 solution (Ca2+; 400 mg/ 1) con taining both 53.5 mM Mg" ions (1300 mg/1) and 0.5 to 2.5 mM (9.5 to 48 mg/1) fluoride ions. 2) Magnesian calcite was formed from the Ca(HCO3)2 parent solution containing both 53.5 mM Mg" ions and phosphate ions (0.05 to 0.1 mM/1). These concentrations of phosphate ions are on the same level as observed in the in terstitial waters of anerobic marine sediments.
3) Organic phosphate such as ATP (8-180,uM) in a parent solution containing 35 mM of Mg" ions also favors the magnesian calcite forma tion. The role of organic and inorganic phosphate seems to be important for the forma tion of Mg-bearing carbonate in marine en vironments. 4) Fluoride or phosphate ions in a parent solu tion inhibit the adsorption of Mg" ions on the calcite surface. 5) The effect of phosphate ions in a solution on the magnesian calcite formation and also on the inhibition of the adsorption of magnesium ions on calcite surface is especially large.
